Despite accumulating examples of selection acting on heritable traits in the wild, predicted evolutionary responses are often different from observed phenotypic trends. Various explanations have been suggested for these mismatches. These include within-individual changes across lifespan that can create important variation in genetic architecture of traits and selection acting on them, but also potential problems with the methodological approach used to predict evolutionary responses of traits. Here, we used an 8-year data set on tree swallow (Tachycineta bicolor) to first assess the effects of differences among three nestling life-history stages on the genetic (co)variances of two morphological traits (body mass and primary feather length) and the selection acting on them over three generations. We then estimated the evolutionary potential of these traits by predicting their evolutionary responses using the breeder's equation and the secondary theorem of selection approaches. Our results showed variation in strength and direction of selection and slight changes in trait variance across ages. Predicted evolutionary responses differed importantly between both approaches for half of the trait-age combinations we studied, suggesting the presence of environmentally induced correlations between focal traits and fitness possibly biasing breeder's equation predictions. Our results emphasize that predictions of evolutionary potential for morphological traits are likely to be highly variable, both in strength and direction, depending on the life stage and method used, thus mitigating our capacity to predict adaptation and persistence of wild populations.
Introduction
Assessing the evolutionary potential of traits through their predicted response to selective pressures in wild populations is a central goal in evolutionary biology and can help us understand population persistence under current global changes (Gienapp et al., 2008; Visser, 2008; Gienapp & Brommer, 2014) . For a response to selection to occur, a trait must display genetic variation within a given population, which is often quantified using its heritability (h², ratio of the additive genetic variance (V A ) over the phenotypic variance (V P ); Falconer & Mackay, 1996) . However, despite evidence of selection on heritable traits in wild populations (Kingsolver et al., 2001) , predicted evolutionary responses are often different from observed phenotypic trends Brookfield, 2016) . In fact, there are now accumulating examples of populations showing evolutionary stasis over time or even phenotypic responses in opposite directions to those expected from selection patterns Gienapp et al., 2008; Meril€ a, 2012; Gotanda et al., 2015) . Several explanations have been proposed to explain these mismatches, including a lack of consideration of factors that can bias estimations of selection and/or heritability, thus leading to erroneous predicted evolutionary responses Brookfield, 2016) .
Genetic architecture of traits and selection acting on them can change throughout an individual's lifespan, and thus, traits measured at different ages can be treated as separate characters for which different evolutionary responses could be predicted (i.e. age-specific traits; Lande, 1982; Arnold & Wade, 1984) . Previous studies have shown that the covariance between fitness and traits can vary across ages (e.g. McAdam & Boutin, 2003; Le Galliard & Ferri ere, 2008) . For example, weaker covariance between fitness and traits later in life can result from selective disappearance in several species (Hamilton, 1966; McElligott et al., 2002; Kervinen et al., 2015) . Heritability of traits (e.g. GebhardtHenrich & van Noordwijk, 1994; R eale et al., 1999; Charmantier et al., 2006; Hadfield et al., 2013) and additive genetic covariances among traits (e.g. Atchley, 1984; Irwin & Carter, 2013) can also differ across ages, which can be attributed to changes in V A due to variations in gene expression during ontogeny (Atchley, 1984) . Alternatively, it can result from changes in V E , for example, following selection episodes targeting the environmental component of a trait (van Noordwijk, 1988) , or changes in maternal effects with age (Wilson & R eale, 2006) . As traits can be genetically correlated across life-history stages (e.g. Hadfield et al., 2013; Careau et al., 2015) , selection acting at a particular trait-age combination can lead to a correlated response at another age of the same trait. Investigating how heritability and selection change during different life-history stages can not only bring insights on the evolutionary potential of traits but also improve our assessment of the role of specific parts of the life cycle in observed phenotypic trends.
Predictions of evolutionary responses have often been obtained using the so-called breeder's equation (e.g. in its univariate form: R = h² * S, where R is the expected change in mean phenotype between two generations and S the selection differential; henceforth BE; Lush, 1937 ). An important assumption underlying this equation is that the relationship between the trait and the fitness component used to assess S is causal (Morrissey et al., 2010) . In wild populations, this assumption is, however, often violated because fitness-trait correlations can be induced by covariations with environmental variables (Kruuk et al., 2003) . Such noncausal relationships may lead to biases in predicted evolutionary responses (Price et al., 1988; Rausher, 1992; Stinchcombe et al., 2002; Kruuk et al., 2003) . In general, a more accurate assessment of evolutionary responses could be achieved by directly estimating the additive genetic covariances between traits and fitness (i.e. the so-called secondary theorem of selection; henceforth second theorem of selection (STS); Morrissey et al., 2010 Morrissey et al., , 2012 Stinchcombe et al., 2014) . However, contrary to the BE, the STS is uninformative on the causes underlying phenotypic changes, such as discriminating between direct and indirect selection. Thus, comparing predictions obtained from both approaches is very valuable to provide a more rigorous understanding of evolutionary responses, their potential causes and possible discrepancies.
Here, we used a detailed data set collected over three generations (8 years) from a population of tree swallows (Tachycineta bicolor) breeding in southern Qu ebec (Canada) to first assess the effects of differences among life-history stages on the genetic architecture of nestling morphological traits and the selection acting on them. We then estimate potential evolutionary responses of these traits based on the BE and the STS. Tree swallows are small insectivorous migratory birds that breed in cavities and nest boxes across North America (Winkler et al., 2011) . They produce one clutch per year that contains five eggs on average (Winkler et al., 2011) . Although socially monogamous, these birds display one of the highest rates of extra-pair paternity (EPP) in passerines, with around 50% of nestlings resulting from extra-pair copulations (Dunn et al., 1994; Whittingham & Dunn, 2001; Lessard et al., 2014) . Here, we focus on morphological traits measured in nestlings during their development until fledging. Nestlings are easily captured to take measurements at different ages, and, given the natural half-sib design created by the high EPP rate in this species, we can obtain precise and accurate quantitative genetic estimates for these traits (Bourret & Garant, in press ).
Specifically, we first estimated the strength and direction of viability selection acting on two morphological nestling traits (body mass and primary feather length) measured at three different ages (6, 12 and 16 days) from hatching to fledging. We then also estimated quantitative genetic components [additive genetic (co)-variance, h² and coefficient of additive genetic variation (CV A )] for these age-specific traits. Finally, we predicted the evolutionary response of each trait at each age using both the BE and STS approaches.
Materials and methods

Study system and data collection
The study system is located in southern Qu ebec and is composed of 400 nest boxes equally distributed across 40 farms (i.e. 10 per farm) over an area covering 10 200 km² (detailed in Ghilain & B elisle, 2008) . From 2007 to 2014, nest boxes were visited every 2 days to monitor tree swallow breeding activities (e.g. laying, hatching and fledging dates). Adults and 12-day-old nestlings were ringed with an aluminium band (US Fish and Wildlife Service) for individual identification. Prior to their banding, nestlings were individually marked using a nail clipping code. Blood samples (adults and 12-day-old nestlings, taken on P8 grade filter papers (Fisher Scientific)) or muscular tissues (nestlings dead before 12 days old; preserved in 95% EtOH) were collected for paternity assignments (see Molecular analyses section below).
Morphological measurements were taken on nestlings at three ages before fledging (which occurs around 18-22 days after hatching): 6, 12 and 16 days after hatching. Body mass (AE 0.01 g) was measured with a digital scale, and primary feather length (AE 0.02 mm) was measured with a calliper. We defined nestling fitness as the survival from hatching to fledging (i.e. 0 or 1), and we computed a nestling's relative fitness as its survival divided by the annual survival rate for a given age.
Molecular analyses
DNA was extracted from dried blood samples and muscular tissues with a standard salt extraction method (Aljanabi & Martinez, 1997) , and its concentration for each sample was determined by electrophoresis on a 2% agarose gel with a molecular weight standard. Each individual was genotyped at six microsatellite loci following Lessard et al. (2014) to conduct parentage assignment. PCR products were visualized using an AB3130xl automated DNA sequencer, and allele lengths were determined using GeneMapper v4.1 (Applied Biosystems, Foster City, CA, USA).
Selection analyses
Selection analyses were conducted on both raw and standardized (zero mean, unit variance) trait values for each age. We first obtained linear (i) and nonlinear (j) selection differentials for each trait, which represents the combined effect of direct and indirect selection on the focal trait (Lande & Arnold, 1983) . For standardized traits, linear selection differentials were estimated from the coefficient of the regression between relative nestling fitness and the trait value (and twice its squared value for quadratic nonlinear terms; Stinchcombe et al., 2008) . For raw trait values, we multiplied these regression coefficients by the phenotypic variance of each trait. We then computed selection gradients to assess the direct effect of selection on each trait for a given age (Lande & Arnold, 1983) . Linear selection gradients (b i ) for body mass and primary feather length were obtained for each age using the following model:
where x is the relative fitness, a the intercept and e the residual term. Similarly, for the nonlinear quadratic (c i ) and correlational (c ij ) terms, we used the model:
Hour of measurement, expressed as a proportion of 24 h (e.g. midday = 0.5), was added as a predictor variable in models including body mass (all ages) and primary feather length (16 days old only). We also controlled for correlated responses between ages for a given trait by including trait values of previous periods (i.e. 6-day-old measurements for the 12-day model; 6-and 12-day-old measurements for the 16-day model). Statistical significance of selection differentials and gradients was assessed with generalized linear mixed models (logit link and binomial error structure) relating survival (0 or 1) to standardized values of traits and including year, farm and brood identity as random effects. All selection analyses were conducted in R v3.2.0 (R Core Team, 2015) . Mixed models were fitted with the lme4 package (Bates et al., 2014) , and statistical significance was based on an a-level of 0.05.
Pedigree construction and quantitative genetic analyses
The pedigree was built based on genetic information following Bourret & Garant (in press ). Briefly, dam identities were obtained from field observations (i.e. females captured during the incubation period) and confirmed genetically. Sire identities were obtained from paternal assignations performed with a likelihood approach set at 90% confidence level using CERVUS v3.0.7 (Kalinowski et al., 2007; Lemons et al., 2015) . Candidate genetic fathers of a given nestling included all males captured, or suspected of being present outside of our nest box system within a given year (i.e. captured on the same farm on both previous and following years), within a 15-km radius of the nestling's nest box. When a male was significantly assigned to a nestling, it was considered as its genetic father. When this procedure failed to determine the genetic father, we attempted to exclude the nestling's social father (i.e. the male captured in the nestling's nest box during food provisioning) as being the genetic father at a 95% confidence level following Lemons et al. (2015) . If we failed to exclude the social father, the latter was considered the genetic father, otherwise no genetic father was assigned to the nestling.
Quantitative genetic parameters were estimated with univariate and multivariate animal models (Henderson, 1984; Kruuk, 2004) . Animal models were fitted with a restricted maximum likelihood method (REML) using ASRemL v3.0.5 (VSN International Ltd, Hemel Hempstead, UK). First, univariate animal models were constructed for each trait-age combination using the following model:
where V P is the phenotypic variance after accounting for fixed effects (only hour of measurement, as for selection analyses), V A is the additive genetic variance, V Y is the variance among birth years, V B is the variance among broods and V R is the residual variance.
Multivariate animal models, including all traits measured at a given age and traits measured at previous stages, were used to obtain variance-covariance additive genetic matrices for each age. Covariances among traits were estimated for each variance component using unstructured variance models. For all models, we tested the statistical significance of additive genetic (co-)variances by comparing a model including the focal estimate to a model where this estimate was constrained to be equal to zero using a LRT. We estimated heritability (h 2 = V A /V P , Falconer & Mackay, 1996) and the coefficient of genetic variation (CV A = ffiffiffiffi V p A = X , where X is the trait mean, Houle, 1992) for each trait in all models. Total phenotypic variance for each trait (raw data) observed at each age was compared using F-tests.
Evolutionary responses
We assessed the expected change in mean phenotype between two generations (R) with both the breeder's equation (BE) and the secondary theorem of selection (STS). In its multivariate form, the breeder's equation (also known as the Lande equation, Lande, 1979) is defined as follows:
where G is the variance-covariance additive genetic matrix and b the vector of selection gradients. All of the components necessary to apply BEs were obtained as described in previous sections. According to the STS (Robertson, 1966 (Robertson, , 1967 Price, 1970) , evolutionary change is estimated from:
where cov A (w,x) is the genetic covariance between relative fitness (w) and a trait (x). We obtained this estimate from additive genetic variance-covariance matrices of multivariate animal models that included all traits sampled at a given age and the relative fitness (i.e. the G ZW matrix of Stinchcombe et al., 2014) . Within these models, the V Y component of relative fitness was fixed to zero (see also Morrissey et al., 2012) . BE and STS equations were applied to each trait-age combination. Standard errors (SEs) for R estimated with the STS were computed directly by ASRemL. With the BE, R SEs were estimated following Kingsolver et al. (2015, as described in their appendix B). Briefly, we randomly generated 10 000 G matrices (following Meyer & Houle, 2013 ; and using a multivariate normal distribution with mean equal to the point estimate and a covariance matrix equal to the approximate sampling covariance matrix returned by ASRemL with the mvtnorm package, Genz et al., 2015) and 10 000 bootstrapped b (with the boot package, Canty & Ripley, 2015 ) that we multiplied according to Equation 4. BE R SEs were then defined as the standard deviation of these 10 000 newly obtained R estimates. Predicted R obtained with BE and STS were compared for each trait-age combination using z-tests.
Results
Between 2007 and 2014, we sampled 6751 nestlings (see Table S1 for sample sizes by year and age). During this period, the overall nestling survival from hatching to fledging was 0.77 (5598 fledglings of 7253 hatchlings); the proportion of nestlings surviving until fledging increased gradually with age: annual mean survival (range): 6 days: 0.83 (0.71-0.91); 12 days: 0.91 (0.81-0.95); 16 days: 0.97 (0.94-> 0.99). We assigned a genetic father to 5052 nestlings (71.1% of all nestlings or 77.2% of nestlings with successful DNA amplification).
Selection analyses
Body mass and primary feather length were under direct and/or indirect viability selection in nestlings. Selection differentials varied in strength among traits and among ages within trait (Tables 1 and S2) . Linear terms were all positive and significant, whereas small negative nonlinear components, representing an asymptote for highest trait values (Fig. S1 ), were significant for five of the six trait-age combinations (Table 1) . Selection gradients showed significant direct positive linear effects of selection on body mass at 6 and 12 days old and primary feather length at 12 days old. In contrast, a significant negative linear effect of selection was detected for primary feather length at 6 days old (Tables 2 and S3 ). Small negative nonlinear components were significant for body mass at 6 and 12 days old. No correlational selection between body mass and primary feather length significantly differed from zero (Table 2) . Selection gradients by age without accounting for trait values measured at previous stages can be found in Table S4 for comparisons.
Quantitative genetics analyses
Univariate and multivariate animal models led to very similar results; we thus only present results from multivariate analyses whenever possible (see Table S5 for complete results). We found important variation in V A , h² and CV A between-and within-nestling morphological traits (Fig. 1a,b) . Overall phenotypic variance components were significantly larger at earlier developmental stage for body mass (6-12 days: F 5760,5263 = 1.23, P < 0.001; 6-16 days: F 5760,4864 = 1.97, P < 0.001; 12-16 days: F 5263,4864 = 1.74, P < 0.001) and much smaller for primary feather length at 6 days old (6-12 days: F 5746,5242 = 0.03, P < 0.001; 6-16 days: F 5746,48 384 = 0.03,
001; 12-16 days: F 5242,4838 = 1.74, P = 0.58). For body mass, h² was lower at 6 days old (h² = 0.12 AE 0.03) than later in the nestling development (12 days: h² = 0.24 AE 0.03; 16 days: h² = 0.21 AE 0.04), whereas CV A decreased slightly with age (6 days: CV A = 0.076; 12 days: CV A = 0.066; 16 days: CV A = 0.048). For primary feather length, h² was low and more stable across ages (6 days: h² = 0.03 AE 0.02; 12 days: h² = 0.06 AE 0.02; 16 days: h² = 0.02 AE 0.02), whereas CV A decreased over time (6 days: CV A = 0.158; 12 days: CV A = 0.068; 16 days: CV A = 0.026). It should be noted that the higher CV A observed for primary feather length at 6 days old was caused by the very small trait mean (AE SD = 1.30 AE 1.24 mm). Body mass at all ages and primary feather length at 12 days old revealed V A components that were significantly different from 0 (all P ≤ 0.006), whereas primary feather length showed nonsignificant V A at six (v² = 3.20, d.f. = 2, P = 0.20) and 16 days old (v² = 5.60, d.f. = 6, P = 0.47). We also obtained positive additive genetic covariances between all pairs of traits showing significant V A (see Fig. S2 for results across ages for a given trait and between traits for a given age).
Evolutionary responses
As a prerequisite for the use of the STS, we observed significant V A for relative fitness at 6 and 12 days (P < 0.005) but not at 16 days (v² = 6.56, d.f. = 3, P = 0.09) (Fig. 1c) . Both h² and CV A for relative fitness were declining through nestling development (6 days: h² = 0.14 AE 0.03, CV A = 0.184; 12 days: h² = 0.09 AE 0.03, CV A = 0.109; 16 days: h² = 0.02 AE 0.03, CV A = 0.038). The application of the breeder's equation (BE) and of the STS to our data led to very different predicted evolutionary changes for some age-trait combinations (Fig. 2, Table S6 ). For example, although both positive, STS predictions were significantly larger than those obtained from BE at 6 days for body mass (STS: R = 0.152 AE 0.029; BE: R = 0.057 AE 0.012; P = 0.003) and primary feather length (STS: R = 0.029 AE 0.010; BE: R = 0.004 AE 0.003; P = 0.015). Contrastingly, STS and BE predictions were significantly different and in opposite direction for body mass in 16-day-old nestlings (STS: R = À0.022 AE 0.013; BE: R = 0.016 AE 0.005; P = 0.007; see Table S6 for results of all comparisons).
Discussion
Changes during lifespan can affect the evolutionary potential of traits through their effects on their genetic architecture and on the selective pressures acting on them. In this study, we observed fluctuations in viability selection acting on nestling tree swallows as well as slight changes in heritability and additive genetic variation of traits during their development, which resulted in different predicted evolutionary responses. Evolutionary responses predicted according to the breeder's equation (BE) and the secondary theorem of selection (STS) were mostly positive but differed strikingly for half of trait-age combinations.
Changes in selection throughout development
Assessing the strength of selection acting on age-specific traits can reveal critical periods during the lifespan of individuals. For tree swallow nestlings, selection on body mass was stronger earlier in their development (6 and 12 days old), which correspond to the period of highest mass gain (Zach & Mayoh, 1982; McCarty, 2001) . As for most passerines, tree swallow body mass follows a sigmoid growth curve during the nestling phase and adult body mass is generally reached around 12 days old (Zach & Mayoh, 1982; McCarty, 2001 ). For primary feather length, selection varied both in strength and direction during nestling development. Despite the positive selection differential at 6 days old, direct selection acting on primary feather length (estimated with selection gradients) was negative. At this age, 24% of nestlings still showed no growth of primary feathers, and this trait could thus also be considered as a presence-absence trait, or early vs. late primary feather growth phenotypes. When considered as such, the observed fitness-primary feather relationship was still negative and significant (b FEATHER = À0.009, Significant values are in bold (see Table S2 for selection differentials on raw data). Significant values are in bold (see Table S3 for selection gradients on raw data).
P < 0.001), suggesting that it is advantageous for nestlings to delay their primary feather growth. At this stage, tree swallow nestlings still have poor thermoregulation capacity (Marsh, 1980) , and therefore, energy allocation dedicated to growth may favour body mass increase over primary feather growth given 
the tight relationship between body mass increase and surface-area-to-volume ratio decrease which limits heat loss (e.g. Pereyra & Morton, 2001) . However, given the positive phenotypic correlation between primary feather length and body mass in 6-day-old nestlings (r S = 0.81, P < 0.001) and the strong direct selection for higher body mass, the negative direct selection acting on primary feather length was masked, resulting in an overall positive selection for this trait. Later in development (12 days old), direct selection on primary feather length turned positive, resulting this time in a higher overall selection strength for both body mass and primary feather length compared to the direct selection acting on them. Finally, we observed no significant direct selection on body mass and primary feather length at 16 days old despite significant positive selection differential, which suggest the presence of correlated effects of selection acting on these traits earlier in the development. Selection acting on body mass and primary feather length from hatching to fledging was compared here in a context where their main selective importance probably occurs at different life stages. For example, tree swallow nestlings reach their maximum body mass before fledging (McCarty, 2001) , and this trait seems critical for survival before fledging in passerines (e.g. Tinbergen & Boerlijst, 1990) . In this case, our estimates of selection would be reflective of most of the selection pressures acting on this trait -as we still missed selection linked to post-fledging survival (e.g. Naef-Daenzer et al., 2001) . On the other hand, primary feather growth is not complete when tree swallow nestlings fledge (McCarty, 2001 ) and feather length may be less critical during the nestling period. However, longer primary feathers could be advantageous later during their development. For instance, longer primaries may provide a benefit for foraging, escaping predators or migrating (e.g. P erez- Tris & Teller ıa, 2001; Mainwaring et al., 2011) . In this case, our estimate of selection would be rather unrepresentative of the 'total' selection acting on this trait. Further assessments of selection acting later during juvenile development will be necessary to validate what part of the total selection the nestling period represents here.
Changes in quantitative genetic parameters throughout development
Changes in genetic architecture across life-history stages can be observed through changes in h² and CV A . Heritability h² represents the proportion of the total phenotypic variance explained by additive genetic variance and may be indicative of past selection pressures eroding standing genetic variation (given the negative correlation between selection acting on a trait and its h², e.g. Kruuk et al., 2000; McCleery et al., 2004; Wheelwright et al., 2014) . Also, CV A could be viewed as an indicator of a trait's potential to respond to selective pressures, i.e. trait evolvability (Houle, 1992; Hansen et al., 2011) . Relationships between h² and CV A are, however, equivocal -being sometimes positive (e.g. Teplitsky et al., 2009 ), negative (e.g. McCleery et al., 2004 , but often absent (e.g. Hansen et al., 2011; Wheelwright et al., 2014) . Here, we observed a change in h² for body mass across ages (higher in 12-and 16-day-old nestlings), caused by concurrent variation in V A and overall V P . On one side, change in V A during development could be explained in part by changes in gene expression (Atchley, 1984) . On the other side, selection episodes between life-history stages could reduce overall V P , but also specific components such as V B and V R when selection is targeting environmental deviations (van Noordwijk, 1988 ; see also Hadfield et al., 2013) , thus increasing h². On the contrary, the small decrease in body mass CV A over the same period would suggest that for a similar selective pressure applied on this trait, the relative evolutionary response would be reduced as the nestling development progresses. For primary feather length, the very low h² estimates obtained were consistent with the absence of h² observed for the same trait in savannah sparrow nestlings (Passerculus sandwichensis, Wheelwright et al., 2014 ). Yet, adult wing length is generally highly heritable (mean h² AE SD = 0.47 AE 0.19, calculated from 17 estimates from eight species, Postma, 2014) and a recent study suggested that adult feather growth is also heritable (Siberian jay, Perisoreus infaustus, h² = 0.10, Gienapp & Meril€ a, 2010) .
Evolutionary responses
Predicted evolutionary responses obtained with the BE and STS approaches were quite different for half of the trait-age combinations studied here. Our results are somewhat similar to the pattern previously observed in Soay sheep (Ovis aries) from St. Kilda, UK, where predicted evolutionary responses obtained with the BE and STS approaches for four traits were in some case dissimilar (e.g. predicted changes in opposite direction for the hind leg length, Morrissey et al., 2012) . A possible reason for the differences observed among predictions is that applying the BE approach in wild populations can lead to biased estimations when fitness-trait relationships are induced by a covariation with an environmental variable (see Rausher, 1992; Morrissey et al., 2010) . This possibility is highly likely for morphological traits measured throughout the development, such as those studied here. In tree swallow nestlings, a high food availability (i.e. insects) has a direct positive influence on body mass and feather growth (McCarty & Winkler, 1999) , and spatial variation in this resource may generate an environmental covariance with fitness. Thus, as previously observed in other species (e.g. Morrissey et al., 2012) , we believe that the STS might better predict evolutionary responses of morphological traits than the BE for tree swallow nestlings.
Although the STS approach may lead to more accurate predictions (Morrissey et al., 2012) , its use is still restricted to few studies probably because of limited V A for fitness components. Additive genetic variance in fitness is theoretically expected to be very low given its tight relationship with selection that would have led its depletion to occur rapidly (Fisher, 1930) . This is consistent with low V A estimates observed for fitness components in wild populations (e.g. relative fitness: Morrissey et al., 2012; lifetime reproductive success: Meril€ a & Sheldon, 2000; McCleery et al., 2004; Teplitsky et al., 2009; McFarlane et al., 2014) . Also, even when present, very small V A components may lead to large sampling errors around fitness-trait covariance estimates, impeding the use of the STS approach (Morrissey et al., 2010; see also Shaw & Shaw, 2014) . Here, we observed at 6 and 12 days old significant V A for relative fitness in survival, a result which can be considered as an exceptional finding. The reduction in overall relative fitness variance (i.e. V P ) across life-history stages we observed represents a reduction in the opportunity for selection through lifespan as predicted by theory (Arnold & Wade, 1984) . The similar trend observed for V A corresponds to the expectations following previous selection episodes. Because of this fitness reduction through time, restricting analysis to nestlings sampled just before fledging (i.e. at 16 days old) would have led us to conclude in no significant V A for fitness, which further emphasizes the importance of considering the differences that may occur among life-history stages.
Phenotypic changes observed within a population can have multiple causes, genetic or not, and thus, it is important to compare predicted evolutionary responsesobtained with BE or STS -to changes observed in breeding values rather than in phenotypic values (e.g. Teplitsky et al., 2008; Husby et al., 2011) . However, accurate estimations of breeding values are difficult to obtain (Hadfield et al., 2010) , and only a few studies have succeeded so far (e.g. Pigeon et al., 2016) . Nonetheless, discrepancies between predicted evolutionary responses and observed phenotypic trends were observed in other study systems when predictions were obtained with the BE (e.g. Kruuk et al., 2001; Garant et al., 2004; Morrissey et al., 2012) , potentially related to the drawbacks of BE discussed above. However, to our knowledge, the few predictions obtained using the STS were mostly similar to observed phenotypic trends (Morrissey et al., 2012; Stinchcombe et al., 2014; Pigeon et al., 2016) . In our study, the distinction between genetic and plastic causes of phenotypic changes could not be formally tested due to a lack of precision in our breeding values. Yet, predicted responses obtained with the STS approach were, for most of them, contrary to recent phenotypic observations of body mass decline in other bird populations (reviewed in Yom-Tov et al., 2006; Gardner et al., 2014) , including adult females from this population (Rioux Paquette et al., 2014) . This suggests that a part of the phenotypic change observed in tree swallows might be plastic (e.g. caused by the degradation of environmental conditions over time) rather than genetic. However, it should be noted that making predictions for the next generation without considering the selection acting on the entire life of individuals might also explain the differences between observed and expected predictions. Yet, such predictions still provide important information on the evolutionary potential of these traits at these stages, which can be used for comparative purposes among traits and studies. Also, methodological issues such as the choice of fitness proxy may have a large influence on predicted evolutionary responses. Here, we were limited to the use of survival from hatching to fledging because of the very low nestling recruitment rate (~1%) that prevents us from being able to follow most of nestlings up to adulthood. However, it would have been interesting to assess the consequences of using another fitness component, such as survival to recruitment or lifetime reproductive success, on STS predictions. This being said, the low recruitment rate in our study system does not imply that the population structure changes among years. Indeed, a fair proportion of the adults are philopatric (e.g. survival and recapture probabilities are above 30%, Lagrange et al., 2014) and reproduce multiple times in the study system, which maintain the structure of the population. As a result, there are no population genetic differences among years within our study area (see Porlier et al., 2009 ).
Conclusion
Our analyses suggest that changes across life-history stages in terms of the genetic architecture of traits and the selective pressure acting on them can affect predictions from evolutionary models. In addition, predicted evolutionary responses differed markedly between the breeder's equation and the secondary theorem of selection models due to inherent methodological differences when making inferences for different trait-age combinations. This result suggests that an environmentally induced covariance between traits and fitness could bias our estimates obtained with the breeder's equation. Further analyses and data gathered within and outside our study system are thus needed to further assess our capacity to obtain relevant estimates of evolutionary potential in wild populations. numerous graduate students, field and laboratory assistants who helped collecting these data. Animals were captured and handled in compliance with the Canadian Council on Animal Care, under the approval of the Universit e de Sherbrooke Animal Ethics Committee (protocol number: DG2010-01 and DG2014-01-Universit e de Sherbrooke). This work was supported by Natural Sciences and Engineering Research Council of Canada (NSERC) discovery grants to DG, FP and MB, by a team research grant from the Fonds de Recherche du Qu ebec -Nature et technologies (FRQNT) to MB, DG and FP, and by the Canada Research Chairs Program to FP and MB. AB was supported by a postgraduate NSERC scholarship.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Table S1 Number of tree swallow nestlings sampled at each age for (a) body mass and (b) primary feather length between 2007 and 2014 in our study system in southern Qu ebec, Canada. Table S2 Linear (i) and non-linear (j) selection differentials (AE SE) for morphological traits (body mass, primary feather length) measured for nestlings at 6, 12 and 16 days old. Table S3 Linear (b i ), non-linear (c i ) and correlational (c ij ) selection gradients (AE SE) for morphological traits (body mass, primary feather length) measured for nestlings at 6, 12 and 16 days old. Table S4 Standardized linear (b i ), non-linear (c i ) and correlational (c ij ) selection gradients (AE SE) for morphological traits (body mass, primary feather length) measured for nestlings at 6, 12 and 16 days old. Table S5 Estimated variance components (AE SE) from (a) univariate animal models, (b) multivariate animal models including only morphological traits and (c) multivariate animal models including morphological trait and relative fitness, for three age-classes (6, 12 and 16 days old). Table S6 Statistical comparisons of evolutionary responses (R AE SE) predicted with breeder's equation (BE) and secondary theorem of selection (STS) for all trait-age combinations using z-tests. Figure S1 Graphic representation of non-linear selection differentials for body mass (black lines) and primary feather length (red lines) at 6 (solid lines), 12 (dashed lines) and 16 days old (dotted lines). Figure S2 Schematic representation of additive genetic (white boxes) and brood (gray boxes) (co)variances (AE SE) obtained from multivariate animal models (a) between traits for a given age (6, 12 or 16 days) and (b) among ages for a given traits (body mass or primary feather length).
